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Vibration Performance of Lightweight Floor Systems 
Supported by Cold-formed Steel Joists 
 
 
B.W. Davis1, R. Parnell1 and L. Xu2 
 
ABSTRACT 
A study investigating dynamic characteristics of full-scale floor systems was 
performed for several laboratory-constructed and in situ floors.  Floors were 
constructed with cold-formed steel joists and designed for residential mid-rise 
applications.  Typical construction details including span, subfloor, topping, 
strongback and framing condition were varied, and their influence on 
fundamental frequency, damping ratio and deflection at mid-span compared.  
Changes in construction details which significantly increased floor mass, 
regardless of added stiffness, were found to lower the fundamental frequency.  
Adding a strongback with restrained ends provided a significant increase in 
fundamental frequency, stiffness and damping ratio.  Laboratory tested floor 
systems were generally found to be the worst-case scenario for natural 
frequency and damping ratio.   
1. Introduction 
Over the last decade, cold-formed steel has become an increasingly popular 
building material for residential and commercial construction.  This increased 
use can be attributed to the numerous advantages that cold-formed steel has over 
traditional residential building materials.  Cold-formed steel offers resistance to 
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termites and moisture, design flexibility, rapid construction, and a strength to 
weight ratio greater than any other building material.  This high strength to 
weight ratio is an asset in strength design, but can cause inherent vibration 
problems in floor systems.  Cold-formed steel floor systems have larger spans 
than wood-supported floors while they are significantly lighter than steel joist 
and concrete floor systems.  There is a need to characterize the performance of 
cold-formed floor systems built for residential applications, as there is no 
appropriate method in current practice for evaluating their performance.  Current 
design methods for floor systems are applicable for use with traditional wood-
framing or composite steel joist and concrete systems only.  Designing a floor 
system to control these annoying vibrations can be challenging, and correcting 
inadequacies after construction is usually very costly.  This is why it is 
imperative to find the construction and design details that will limit annoying 
vibrations. 
Presented in this study are selected results from a recent study of vibration 
performance of cold-formed steel floor systems performed at the University of 
Waterloo.  Several full-scale floor systems were tested, and their dynamic 
response measured.  The influence of construction details and in situ floor 
performance was investigated.   
2. Laboratory Floor Testing 
A laboratory testing program examining 23 unique full-scale floor systems was 
conducted at the University of Waterloo.  Of interest to this study are the 
dynamic characteristics of the floor systems tested, and the influence of changes 
in construction details on the floor systems.   
2.1. Test Frame 
All floor systems were tested in a large steel frame mounted on grouted beams, 
and reinforced with large, concrete-filled pedestals.  The mass and stiffness of 
the frame was significantly greater than that of the floor system, and its 
influence was not considered.  A brief description of the relevant components 
and capabilities will be presented.  Details of the test frame can be found in 
previous publications (Xu, et al., 2007).  The test frame accommodated floor 
widths of up to 16’ (4.88 m), and had an adjustable length of up to 24’ (7.32 m).   
The floor systems examined in this study were tested with a free-support 
condition along the outer joists, and three different end restraints, designed to 
model common construction techniques.  The free-support condition produced a 
worst-case scenario for the laboratory results.  Previous experiments performed 
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at the University of Waterloo have shown that supporting four sides instead of 
two sides increased the floor stiffness slightly (Xu, 2000).   
The end restraints were selected to model balloon framing, platform framing and 
a simple support.  Balloon framed floors are attached via shear connections at 
each stud.  To represent this condition, the webs of cold-formed steel stud 
members were attached to hot-rolled channels mounted on the test frame.  The 
floor system was fastened to the flanges of the studs.  Platform framed floors sit 
on top of the wall at each stud.  To represent this condition, the floor rested on a 
4” × 4” (100 mm x100 mm) wood block mounted to the test frame.  A 
superimposed load of 130 lb/ft (1.9 kN/m) was applied at the ends to simulate 
the above-storey.  To represent the simple support, the platform framing 
condition was used without the superimposed load. 
2.2. Materials and Construction 
All floor systems tested in the laboratory were constructed with the same basic 
skeleton.  Each floor system consisted of nine, 12” (305 mm), cold-formed steel 
joists, spaced at 24” (610 mm) on center.  At the supports, the joist webs were 
connected to a proprietary 68 mil (1.90 mm) rim track with a punched clip-angle 
type tab, which also acted as a web stiffener for the joist.  Traditional web 
stiffeners were not installed at the ends of the joists. The loads applied to the 
floor system during testing were not substantial enough to fail the joist web.  
The two joist types tested were: standard C-shape joists with 4” x 1.5” (101.6 
mm x 38.1 mm) elliptical openings spaced at 4’ (1.22 m) on center along the 
neutral axis; and proprietary TradeReady® (TDW) joists with large, circular, lip 
reinforced holes along the neutral axis.  The holes were 8” (203 mm) in diameter 
and spaced at 4’ (1.22 m) on center. 
All floors were constructed with rows of blocking and strapping spaced every 8’ 
(2.44 m) on center, perpendicular to the joist direction.  This is a standard 
practice, and resulted in 1 or 2 rows, depending on floor span.  The blocking 
pattern is not perfectly symmetric because of the odd number of joists.  The 
center section of blocking was installed between joists 4 and 5. 
Subfloor systems were fastened to the joists using the non-diaphragm screw 
pattern provided by the joist manufacturer.  The three types of subfloor tested 
were: 0.75” (19 mm) oriented strand board (OSB) tongue-and-groove subfloor 
panels; 0.75” (19 mm) proprietary FORTACRETE® tongue-and-groove 
cementitious subfloor panels (FC); and 27 mil (0.76 mm), 9/16”-pattern, metal 
form deck (MD).  The topping tested was LEVELROCK®, a gypsum-based, 
self leveling concrete; with a depth of ¾” (19 mm) for FORTACRETE subfloor, 
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and 1.5” from the bottom flute for metal deck subfloor.  The FORTACRETE 
subfloor was examined both with and without the LEVELROCK topping.  
Floor systems were tested with and without a gypsum board ceiling, which was 
fastened to steel resilient channel (RC) installed perpendicular to the joist 
directions at 12” (305 mm) on center (when ceiling was present).  Some floor 
systems were tested with a cold-formed steel C-section strongback at mid-span, 
fastened to the joists using clip angles at every joist.  Ceilings with Type X and 
Type C fire-rated gypsum board were tested.  Figure 1 shows an over head view 
and a cross-section of a typical floor built and tested for this study. 
 
Figure 1: Overhead and Cross-section View of a Typical Floor System 
2.3. Laboratory Testing Matrix 
Table 1 lists the relevant construction details for each floor in the laboratory 
testing component of this study.  All construction details not listed in the table 














LF14.5A C-shape 54 mil 14.5' OSB - - - 
LF14.5B C-shape 54 mil 14.5' FC - - - 
LF14.5Bi C-shape 54 mil 14.5' FC - - - 
LF14.5C TDW 54 mil 14.5' OSB - - - 
LF14.5D TDW 54 mil 14.5' FC - Type X - 
LF14.5Di TDW 54 mil 14.5' FC - - - 
LF14.5E TDW 54 mil 14.5' FC 3/4" Type X - 
LF14.5F TDW 54 mil 14.5' MD 1.5" Type X - 
LF17.0A TDW 68 mil 17' FC 3/4" Type C - 
LF17.0C TDW 68 mil 17' MD 1.5" Type C - 
LF19.5A TDW 68 mil 19.5' FC 3/4" Type C - 
LF19.5Ai TDW 68 mil 19.5' FC 3/4" - - 
LF19.5Aii TDW 68 mil 19.5' FC 3/4" - Yes 
LF19.5Aiii TDW 68 mil 19.5' FC 3/4" Type C Yes 
LF19.5Aiv TDW 68 mil 19.5' FC 3/4" Type C - 
LF19.5B TDW 68 mil 19.5' MD 1.5" Type C - 
LF19.5Bi TDW 68 mil 19.5' MD 1.5" - - 
LF19.5Bii TDW 68 mil 19.5' MD 1.5" - Yes 
LF19.5Biii TDW 68 mil 19.5' MD 1.5" Type C Yes 
LF19.5Biv TDW 68 mil 19.5' MD 1.5" Type C - 
LF21.8A (2)TDW 54 mil 21.83' MD 1.5" Type C - 
A letter designation was used to define the construction characteristics of the 
floor system, with a subscript to denote that only a partial testing sequence was 
conducted on that floor system.  For example, a floor system with the name 
LF14.5A was tested in the laboratory, with a span length of 14’ 6” (4.42 m), and 
has construction details corresponding to the letter A.   
3. In Situ Floor Testing 
An in situ testing program, examining several built floor systems, was 
conducted at four different residential mid-rise buildings in the United States.  
The in situ program was designed to verify the laboratory testing results, and 
quantify any differences that result from field construction.  Of interest to this 
study are the dynamic characteristics of the floor systems which correspond to 
the systems tested in the laboratory.   
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3.1. Materials and Construction 
The in situ floor systems were selected to match the laboratory floor systems as 
closely as possible.  The floors were located in mid-rise residential buildings 
with cold-formed steel for the primary structural system.  At the time of testing, 
finished drywall was in place for the walls and ceilings, and the concrete topping 
had cured.  Screw patterns for subfloor and blocking patterns were identical to 
the laboratory floors.  Ceilings consisted of Type C gypsum board.  All joists 
were 12” (305 mm) deep. 
Notable variations include: all insulation, pipes, and ducting between the floor 
joists was in place; and floors were constructed using cold-formed steel balloon 
framing, and supported on all four sides.  In order to make relevant comparisons, 
this study examines floors with ceilings fastened to the joists directly with 
resilient channel.  Other floors tested with a drop ceiling are listed but not 
discussed.  It was not possible to match floor width between the laboratory and 
the in situ floors. 
3.2. In Situ Testing Matrix 
Table 2 lists the in situ floors examined in this study, and their relevant details. 









Subfloor Topping Ceiling 
CG601 TDW 68 mil 17.5’ 13.8’ FC 3/4" RC 
CG604 TDW 68 mil 14.8’ 16.9’ FC 3/4" RC 
CG805 (2)TDW 68 mil 21.2’ 28.0’ FC 3/4" RC 
CGMH6 TDW 68 mil 16.8’ 23.8’ FC 3/4" RC 
CGMH7 TDW 68 mil 16.8’ 23.8’ FC 1.5" RC 
CW708 TDW 68 mil 14.5’ 28.5’ MD 1.5" Drop 
CW709 (2)TDW 54 mil 21.8’ 26.3’ MD 1.5" Drop 
CW805 TDW 54 mil 19.3’ 26.7’ MD 1.5" Drop 
OK401 TDW 54 mil 14.2’ 34.9’ MD 1.5" Drop 
OK402 TDW 54 mil 14.2’ 34.9’ MD 1.5" Drop 
4. Test Procedure 
This test program was based on previous floor vibration tests performed at 
Virginia Polytechnic Institute (Kraus, et al., 1997) and at the University of 
Waterloo (Xu, et al., 2007).  Floor tests can be grouped in two categories; 
dynamic and static tests.  The dynamic tests performed for this study were heel 
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drop, sandbag, and walking tests.  The static tests performed for this study were 
center deflection tests. 
4.1. Heel Drop Test 
The heel drop test was used to measure the natural frequency and the damping 
ratio of the floor system.  The excitation was provided by a 180 lb (81.8 kg) man 
standing at the center of the floor system, impacting the floor with his heels.  
The heel drop test is considered sufficient for measuring the dynamic 
characteristics of a floor (Williams, et al., 2003).  This procedure was first used 
to find the displacement of a floor system due to human activity (Ohmart, 1968).   
4.2.   Sandbag Test 
The sandbag test was used to measure the natural frequency and the damping 
ratio of the floor system.  It was developed to validate the measurements from 
the heel drop test, and examine floor system properties without the influence of 
an occupant.  The excitation was provided by dropping a 22 lb (10 kg) sandbag 
from 12” (305 mm) height onto the center of the floor system.   
4.3. Walking Test 
The walking test was used to measure the root mean squared (RMS) acceleration 
response of each floor system due to walking excitation.  This test was 
developed to provide quantitative and comparative measurements of the floor 
system’s response to realistic occupant activity.  The test was performed by a 
180 lb (81.8 kg) man walking several times from one edge of the floor to the 
opposite; for directions both perpendicular and parallel to the joists.   
4.4. Deflection Test 
The deflection test was used to measure the maximum static deflection of the 
floor under a concentrated load of 225 lb (1 kN) at mid-span.  This method was 
chosen so that the maximum deflection measured would correspond to the 
limiting deflection from several common design criteria, and a direct 




5. Data Analysis 
5.1. Dynamic Response 
The natural frequencies, damping ratio and RMS acceleration of the floor 
systems were determined from acceleration response vs. time measurements.  
The response of each floor system was measured by three accelerometers.  They 
were located at the center of the floor, ¼ of the span along the center joist, and 
¼ of the width at mid-span.  The heel drop and sandbag drop tests were 10s 
samples, while the walking test was sampled for 50s per direction.  Dynamic 
tests were conducted three times per framing condition. 
Natural Frequencies  
The floor system’s natural frequencies (f1 and f2) were determined from the 
frequency domain by selecting the first two dominant peaks in the power 
spectrum.  The excitation was assumed to be an impulse load.  Three 
accelerometers, located to measure multiple vibration modes, were used during 
the testing of the floor systems. The mean value of from all three accelerometers 
was reported.   
The first peak in the power spectrum corresponds to the fundamental frequency, 
which is generally associated with the first flexural mode.  Work done by 
Johnson (1994) showed that higher-order multiples, and torsional modes 
contribute very little to the floor response due to an impulse excitation (Johnson, 
1994).  Discussion in this study is limited to the fundamental frequency because 
it has the greatest influence on the floor system’s response.  
Damping Ratio 
For this study two different methods were used to determine the damping ratio 
(ζ) for each floor system.  The half-power bandwidth method was used to 
compute the damping ratio in the frequency domain, and the logarithmic 
decrement was used to compute the damping ratio in the time domain.  
Descriptions of these methods can be found in structural dynamics texts. 
The half-power bandwidth method is used to find the damping ratio of a system 
when that system is excited by an impulse load.  The sandbag drop and heel 
drop were assumed to be impulse excitations, so the bandwidth method is valid 
for both of these tests.  The logarithmic decrement can be used to find the 
viscous damping ratio of a single-degree-of-freedom system under free 
vibration.  The fundamental mode was isolated with a digital bandpass filter 
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when this method was applied, and the floor response was assumed to be free 
vibration. 
The half-power bandwidth method cannot separate modal damping ratios for 
floor systems with closely spaced frequencies.  When this occurred, the 
logarithmic decrement method was used exclusively.  Otherwise, the damping 
ratio values reported were the means determined from both methods, which 
were generally in good agreement. 
 RMS Acceleration 
The RMS value of the acceleration measured from walking tests was calculated 
based on the procedure described by ISO 2631 (ISO, 1997), without the 
frequency weighting component. The entire 50 s time history was used for the 
RMS calculation.   
5.2. Static Response 
Deflection of the center joist at mid-span was used to evaluate the static bending 
stiffness of the floor systems.  Joist-deflection and rebound were measured at 
mid-span using dial gauges at the underside of the joists.  The dial gauges were 
situated so that the sensor was directly under the web of the joist to avoid errors 
from flange curling, and the ceiling was cut away if necessary. 
6. Data Summary 
6.1. Laboratory Testing 
Data collected from laboratory testing is presented in the following tables, 
grouped by framing condition.  Some floor systems were not tested in all 
framing conditions. Table 3 contains data from balloon framing, Table 4 
contains data from platform framing, and  
334 
 
Table 5 contains data from the simple support.  The reported frequencies were 
obtained from the sandbag drop test.  The reported damping ratios were obtained 
from the heel drop test unless noted with a “*”, which indicates values from the 
sandbag drop test.  











LF14.5A 25.3 32.7 4.3* 0.020 
LF14.5B 22.5 25.1 3.2* 0.017 
LF14.5C 26.3 33.2 2.1* 0.023 
LF14.5D 19.7 24.2 4.7 0.013 
LF14.5E 17.7 22.5 3.1 0.009 
LF14.5F 16.1 22.5 3.8 0.007 
LF17.0A 14.9 19.1 4.4 0.012 
LF17.0C 14.9 19.7 3.9 0.011 
LF19.5A 14.3 18.3 3.6 0.010 
LF19.5Aiv 13.2 24.0 4.5 0.014 
LF19.5B 13.0 23.0 4.5 0.012 
LF21.8A 12.5 23.4 4.0 0.010 











LF14.5A 17.9 29.8 3.7* 0.026 
LF14.5B 17.2 18.8 3.8* 0.019 
LF14.5C 16.4 27.8 3.7* 0.024 
LF14.5D 16.9 22.0 7.0 0.015 
LF14.5E 16.2 22.2 5.3 0.009 
LF14.5F 14.8 22.0 3.4 0.007 
LF17.0A 13.6 19.4 4.0 0.013 
LF17.0C 13.3 19.3 5.7 0.011 
LF19.5A 13.4 18.8 4.0 0.010 
LF19.5Aiv 13.4 20.2 4.1 0.009 
LF19.5B 11.8 17.3 3.8 0.013 















LF14.5A 19.1 27.4 5.5* 0.022 
LF14.5B 17.2 21.4 2.9* 0.021 
LF14.5C 17.7 26.0 2.3* 0.028 
LF14.5D 16.2 22.4 7.7 0.016 
LF14.5E 15.7 21.1 5.7 0.010 
LF14.5F 14.6 21.2 3.2 0.008 
LF17.0A 13.5 17.9 4.8 0.013 
LF17.0C 13.3 18.1 4.4 0.013 
LF19.5A 12.8 18.4 3.2 0.010 
LF19.5Aiv 13.2 18.6 4.5 0.009 
LF19.5B 11.4 16.4 4.9 0.014 
LF21.8A 10.1 14.7 3.5 0.014 
7. Influence of Construction Details 
The following section will discuss the effect of construction details on the 
dynamic and static response of the floor systems.  Comparisons were made 
between similar floor systems with one unique detail.  The construction details 
analyzed were span length, joist type, subfloor material, presence of strongback, 
and framing condition.  The dynamic and static response of the floor system was 
judged based on fundamental frequency, damping ratio, and center joist 
deflection.  
7.1. Effect of Span Length 
Two different spans were examined.  Comparisons were made for each framing 
condition, and the observations clearly match the understood behavior of the 
system. 
Fundamental frequency decreases with increasing span length.  The decrease in 
frequency can be attributed to the increased mass and flexibility from the longer 
span.  Adding mass to a system without adding stiffness will lower the 
fundamental frequency of a system.  Center deflection increases with increasing 
span length.  This decrease occurs because bending stiffness is inversely 
proportional to span length. 
7.2. Effect of Joist Type 
Two different joist types were analyzed: C-shape and TDW.  Comparisons were 
made for each framing condition, and the results show that altering the joist type 
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has little impact on the vibration response of the floor systems.  No trends were 
observed for fundamental frequency and center deflection. 
The large lip-reinforced web opening reduces the TDW joist’s bending stiffness 
by 4.6% at service load conditions, and only at discrete locations spaced 4’ 
(1.22m) apart.  It should have a minimal impact on the overall behavior of the 
joist.  Therefore, the observed similar vibration response between joist types was 
expected.  Small variations were likely due to construction variation.  These 
results cannot be applied to web openings that are more closely spaced, as the 
web shear capacity is reduced significantly. 
7.3. Effect of Subfloor and Topping 
The three subfloor materials compared are OSB, FORTACRETE and metal 
deck.  Because OSB was tested without a topping, it can only be compared with 
FORTACRETE; similarly, metal deck was tested with a topping, and can only 
be compared with FORTACRETE.  Comparisons were made for each framing 
condition. 
Comparing OSB and FORTACRETE, without topping, it was observed that the 
floor systems with FORTACRETE had a lower fundamental frequency.  This 
reduction is because the nominal mass of FORTACRETE is 2.05 times that of 
OSB.  Increased stiffness did significantly reduce deflections in FORTACRETE 
floor systems.   
FORTACRETE’s increased mass dominates the effects from its increased 
stiffness for floor system frequencies, but the stiffness increase is observed 
under static loads.  However, the floor systems compared had similar 
construction details, but different fire ratings.  More mass of gypsum board 
ceiling may be required for OSB floor systems to achieve the same fire rating as 
FORTACRETE, which is non-combustible, reducing the natural frequencies of 
the floor system.  For lightweight floor systems annoyance may be dominated 
by local deflections from walking, making stiffness the primary factor 
influencing performance. 
Comparing FORTACRETE to metal deck, with topping, it was observed that the 
floor systems with metal deck had a lower fundamental frequency.  The 
difference was between 3% and 5% depending on framing condition.  The 
thicker topping gives metal deck floors a greater overall weight, reducing the 
fundamental frequency.  However, there is a significant decrease in center 
deflection for floors with metal deck.  This occurred because the axis of the 
metal deck was perpendicular to the joists, and significantly increased the 
transverse stiffness of the floor system, increasing the number of effective joists.  
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These observations are based on the tested thicknesses of topping only.  
Changing the relative topping thickness will change the influence of the 
different subfloor details. 
7.4. Effect of Strongback 
To determine the effect of a strongback with fixed ends, a strongback member 
was fastened to the web of every joist at mid-span, and the ends were fixed to a 
rigid pedestal using a clip angle and five screws; restricting any vertical 
deflection and partially restraining rotation of the strongback at its ends.  This 
configuration was only tested in balloon framing, and required the large lip-
reinforced holes provided by TDW joists for placement of the strongback within 
the depth of the joist web. The fundamental frequency increased by an average 
of 6.0%, while the center deflection decreased by an average of 7.5%.  The 
strongback added additional constraints to the modes of vibration of the floor 
system by imposing a restraint on mid-span deflection at the outer joists.  This 
reduces the influence of the first flexural mode of vibration (1/2 sine wave in 
joist direction), which will increase the fundamental frequency of the floor 
system.  Addition of a strongback also increased the damping ratio. 
7.5. Effect of End Framing Condition 
The framing condition had an observable effect on fundamental frequency, 
damping ratio, and center deflection.  The balloon framing condition provided 
the greatest increase in fundamental frequency and reduction in center 
deflection, while platform framing also exceeded values from the free-support 
condition.  Because rotation at the support was restrained, bending stiffness of 
the floor system increased, increasing fundamental frequency and reducing 
center deflection.  Damping ratio was greatest in the free-support condition, due 
to the decreased restraint at the supports.   
7.6. Effect of In Situ Construction 
To determine the influence of in situ construction on fundamental frequency and 
damping ratio, comparisons were made between floor systems built and tested in 
the laboratory, and similar floor systems tested on site.  Typically, the width of 
the in situ floors was greater than the width of the laboratory floors.  It is 
assumed that the width of the floor in the laboratory (9 joists) is sufficient to 
replicate the in situ conditions to a good degree.  All floor systems compared 
were built with the balloon framing. 
In almost all cases, the in situ floor systems had a greater fundamental frequency 
and damping ratio.  It is reasonable to conclude that the laboratory floor systems 
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exhibit a worst-case response for fundamental frequency and damping ratio; 
higher frequencies and damping will reduce occupant comfort issues.  
Conceptually, this is supported by the following: in situ floor systems were 
supported on all four sides, restraining free motion of the outer joists and 
increasing the fundamental frequency; and, the additional components, 
partitions, and mechanical connections found in situ contribute to an increase in 
damping ratio. The comparisons between field and laboratory results presented 
in this paper agree well with previous research performed at the University of 
Waterloo (Xu, et al., 2007). 
8. Conclusion 
Observations based on the static and dynamic response of the floor systems 
tested provide several conclusions for the effect of construction details on 
performance.  As span increases, fundamental frequency decreases, and center 
deflection increases.  The large lip-reinforced opening detail specific to the 
TradeReady joist does not appear to affect the static and dynamic response.  
Compared to OSB subfloor, FORTACRETE exhibits less center deflection and 
a lower fundamental frequency.  From a performance perspective, this observed 
increase in stiffness can be beneficial for lightweight floor systems.  Compared 
to a FORTACRETE subfloor with LEVELROCK, a metal deck subfloor with 
LEVELROCK exhibits less center deflection; with negligible influence on 
fundamental frequency.  The use of a strongback with fixed ends will increase 
the fundamental frequency and damping ratio, while decreasing the center 
deflection.  Balloon framing will increase fundamental frequency and decrease 
center deflection when compared to platform framing.  Laboratory results are 
typically a worst-case scenario, when compared to in situ construction, 
producing lower fundamental frequencies and damping ratios. 
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